microsatellite mutation process but are absent in the parental populations. In order to restrict our study to such alleles, we consider only allele lengths that are internal to the distributions within the parental populations. This procedure identifies alleles that we can be sure are not forbidden by range constraints because we have observed alleles in the population that are both longer and shorter. By counting the number of such alleles observed among the red wolves (in fact, none was observed), and by considering the frequencies of neighbouring alleles that could have given rise to them through mutation, we set an upper limit on the proportion of lineages, i.e. lines of descent from the parental populations into the hybrids, that underwent mutation since hybridization. We thereby set an upper limit on the date of hybridization.
To estimate the probability (P i ) that any mutation among the red wolves produces an allele of interest (i), we consider a weighted average of neighbouring alleles at the same locus:
where p i-j denotes the frequency of allele i-j, and the b j values are the probabilities that if a mutation occurs at allele i-j, it would be converted into allele i.
To assign a value to P i in eqn 1, we must choose the b j values and estimate the p i-j values from the data. To estimate the b j values, we consider single and multistep mutations separately, beginning with the assumption that 85% of microsatellite mutations are single step (the range is 80Ð95% in humans, according to Di Rienzo et al. 1994) . If these mutations are unbiased in their direction, the overall probability that the mutation will produce allele i is b 1 = b Ð1 = (0.85)(0.5). As multistep mutations occur ≈ 15% of the time, and assuming for simplicity that they only occur in step sizes of 2 and 3 with equal probabilities of 7.5% each, we use similar reasoning to obtain b 2 = b Ð2 = b 3 = b Ð3 = (0.075)(0.5), b |j| > 3 = 0. We therefore have the equation:
In Table 1 , we describe results for models in which 55%, 70% and 100% of mutations are single step. To estimate the p iÐj values, we use the proportions of alleles observed in the red wolf population. This is justified because the red wolves are more closely related to their ancestors (also red wolves), than modern coyotes and grey wolves. Moreover, if significant genetic drift had occurred around the time of hybridization, the red wolf allele frequencies would certainly provide a better reflection of the post-hybridization frequencies than the modern coyotes and grey wolves. To assess the robustness of our date estimates to the choice of population used to estimate the p iÐj values, we also calculate dates based on the Table 1 Estimates of P i according to several mutation models. In the first four rows, p i-j values are calculated from the frequencies of alleles in the red wolf sample, and we vary the proportion of mutations that are single step (100%, 85%, 70% and 55%). In the next four rows, p i-j is calculated using mixtures of coyotes and grey wolves in proportions of 50%Ð50%, 70%Ð30% and 90%Ð10%, and we fix the percentage of mutations that are single step at 85%. In the last row of the table, we show P i obtained from a K-allele model coyote and grey wolf allele frequencies. It is clear from the molecular and archaeological evidence that coyotes contributed most of the genes to red wolves (Nowak 1979; Roy et al. 1994 Roy et al. , 1996 , and hence we use 50%Ð50%, 70%Ð30% and 90%Ð10% mixtures of coyote and grey wolves (Table 1 ). All three mixtures point to a somewhat more recent upper limit for the date of hybridization than the results obtained from red wolf allele frequencies (Table 2) , and we conclude that we are not only being more accurate, but also conservative in using the red wolves to estimate the p iÐj values.
Thus far in our analysis, we have assumed a stepwise model to describe microsatellite mutation (Goldstein & Pollock 1997) . For the purpose of comparison, however, it may also be worth considering an alternative model in which there are K allowed states at a locus, and in which a mutation has an equal probability of producing each state. To obtain a value for P i , we assume
for all i ± j within the allowed ranges. To estimate K, we count the number of states between the maximum and minimum allele lengths observed at a locus. The associated dates of hybridization for this model turn out to be substantially more recent than the dates obtained using the previously described Ôstepwise mutation modelÕ (Table 2) .
We may now proceed with the analysis using the P i values obtained by the various methods described above. For each allele of interest (i), the expected frequency in the red wolf sample (R i ), is determined by the proportion of lineages that have undergone one or more mutations (k) times the probability (S i ) that the mutations will produce the allele of interest. Given the scarcity of mutations among the red wolves, however, it seems that a lineage will probably at most be associated with a single mutation, and P i will be a good approximation for S i . To obtain an upper limit on k, we then use the relation R i = kS i ≈ kP i and observe that none of the eight alleles of interest is present in the red wolf sample. Supposing that n i is the effective number of lineages (see below) at the locus at which allele i occurs, the probability of obtaining as few as 0 out of 8 alleles is the Cartesian product
An upper limit for k at the 5% level is the value of k such that Q(k) = 0.05. To use eqn 3, we require an estimate for the effective number of lineages n i . We note that n i is at least the number of parental lineages that are inherited at the locus, but is probably considerably larger because many of the ancestral lineages could have bifurcated (doubled) soon after they were introduced. For simplicity, we assume that the effective number of lineages is the same at all loci, i.e. n i = n. Using the fact that 10 distinct mitochondrial DNA haplotypes were observed among 18 red wolves that were surveyed (Wayne & Jenks 1991; Roy et al. 1996) , we infer that n is at least 10 and probably considerably larger as males will have contributed something. To obtain a more stringent restriction on n, we consider whether each of the 111 alleles that occurs at non-zero frequency r j in the parental populations is absent or present among the red wolves. If the allele is absent, the probability of the observed result is B j = (1 Ð r j ) n , while if the allele is present, the probability of the observed result is B j = 1 Ð (1 Ð r j ) n . The overall likeli-
Table 2 Upper limits at the 5% level on k, tµ and years since hybridization. Different ways of estimating P i and the mutation rate, described in the caption to Table 1 , always lead to the conservative conclusion that hybridization occurred less than 15 300 years ago. These results are based on a Channel Island fox mutation rate of 3.7 × 10 Ð5 per year, a human mutation rate of 1.9 × 10 Ð4 per year, and an effective number of parental lineages (n) of 23. In making these calculations, we do not take into account error in our estimation of the mutation rate, or error in our extrapolation of tµ from k. Note that the quoted upper limit on the date of hybridization (12 800 years) is based on the P i values from the second row of Table 1 Limit on years Limit on years (mutation rate (mutation rate Fixed condition Variable condition Limit on k Limit on tµ from fox) from humans)
Stepwise Model 100% of mutations are single step < 0.432 < 0.566 < 15 300 < 3000 p iÐj values are calculated 85% of mutations are single step < 0.377 < 0.474 < 12 800 < 2500 from red wolves 70% of mutations are single step < 0.335 < 0.408 < 11 000 < 2100 55% of mutations are single step < 0.299 < 0.355 < 9600 < 1900
Stepwise Model p i-j from 50% coyotes, 50% grey wolves < 0.331 < 0.403 < 10 900 < 2100 85% of mutations p iÐ j from 70% coyotes, 30% grey wolves < 0.335 < 0.407 < 11 000 < 2100 are single step p i-j from 90% coyotes, 10% grey wolves < 0.339 < 0.414 < 11 200 < 2200 p iÐj from red wolves (same as row 2) < 0.377 < 0.474 < 12 800 < 2500
KÐAllele Model Not applicable < 0.142 < 0.153 < 4100 < 800
hood of the observed distribution of alleles (taking the product over 111 terms) is:
The value of n for which L(n) takes the largest value, that is, the maximum likelihood estimate n ö, is 23 regardless of the mixture of coyotes and grey wolf populations (50%Ð50%, 70%Ð30% or 90%Ð10%) we use to estimate the r j values. Note that in making this calculation, we are implicitly assuming that all red wolf alleles are inherited from the parental populations, while in principle some may have arisen via new mutations (homoplasy). In fact, it seems unlikely that a large number of red wolf alleles arose via new mutations, as no private alleles are now observed among the red wolves; however, if we did adjust for new mutations, our estimate for the effective number of lineages would be slightly lower than 23. Finally, to assess the error in our estimate of n, we consider the log-likelihood ratio
R(n) is expected to be distributed approximately χ 2 with 1 degree of freedom (Sokal & Rohlf 1981) , and we can find a 95% central confidence interval for n by identifying the smallest and largest values of n such that R(n) < χ 2 1,0.05 = 3.84. Regardless of the mixture of coyotes and grey wolf populations we use to estimate the allele frequencies (r j values), we conclude that 15 ≤ n ≤ 35.
Following the inferences about the effective number of lineages, we will now assume a model in which n = 23 lineages have been inherited from the parental populations, and subsequent bifurcations have occurred too recently to develop new mutations. To set an upper limit on the number of generations since hybridization (t) as a function of the mutation rate (µ), we begin by using the criterion
With P i values taken from the second row of Table 1 , and using 23 as the most probable estimate for n, we conclude that 0.377 is an upper limit on k at the 5% level. To relate k, the proportion of lineages on which one or more mutations occurred, to t, we note that e Ðtµ is the first term in a
Poisson series with parameter tµ, and that it gives the probability of no mutations occurring on a lineage. Then, as 1 Ð e Ðtµ is the expected value for k, we can use k ≈ 1 Ð e Ðtµ to extrapolate an upper limit on tµ of 0.474. Of course, the expected proportion of lineages containing mutations, 1 Ð e Ðtµ , could be larger than the proportion (k) that was actually observed. To ascertain the degree to which this sampling error could raise the upper limit on tµ, we make the conservative assumption that k is equal to its largest possible value of 0.377, and that there are 23 distinct lineages in the red wolf sample. From the binomial distribution, we expect (n)(k) = (23)(0.377) = 8.7 lineages to have one or more mutations, and a variance of (n)(k)(1 Ð k) = (23) /8.7 or 27%. We conclude that even with the most conservative assumptions, k could not be expected to be different from 1 Ð e Ðtµ by more than approximately two standard deviations, or 54%.
To obtain a value for t in terms of years, we need to know the mutation rate. For this purpose, we rely on two California Channel Island fox populations (from Santa Cruz and Santa Rosa islands), that are known to have diverged ≈ 11 500 years ago because of the geological separation of the land masses . The average (δµ) 2 genetic distance between the populations is 1.7, where (δµ) 2 is the square of the difference between the mean allele lengths at a locus in the two populations and the number is obtained by averaging over 19 unlinked loci (including six of the 10 used in this study). To obtain a mutation rate for the Channel Island foxes, we note that the stepwise mutation model for microsatellites predicts that E[(δµ) 2 ] = 2µτ, where τ is the number of years since divergence . The expectation for (δµ) 2 is robust to historical fluctuations in population size (Takezaki & Nei 1996) , and hence we can use the transformed equation µ = E[(δµ) 2 ]/2τ to obtain a mutation rate of 7.4 × 10 Ð5 per year. Given the generation time for foxes of about 1.5 years, and the generation time for red wolves of no more than 3 years, we can conservatively extrapolate the mutation rate for red wolves to be 3.7 × 10 Ð5 per year (Carbyn 1987; . Combining the upper limit on tµ (0.474) with the mutation rate, we then obtain an upper limit on the date of hybridization of 12 800 years ( Table 2 ). Note that in calibrating the red wolf mutation rate using the Channel Island fox, we are being conservative in our date estimates. As the microsatellite markers used in both studies were selected because of their high polymorphism (and high mutation rate) among domestic dogs (Ostrander et al. 1992) , and as dogs are more closely related to wolves than to foxes, the fox mutation rates at these markers will tend to be slower than in wolves, and the result will be an overestimate of the true dates of hybridization (Ellegren et al. 1995; Vila et al. 1997) .
We have two reasons to believe that the mutation rate calculated from the fox divergence time can be extrapolated to red wolves. First, trees of individuals constructed using microsatellite variation cluster individuals according to their separate islands, suggesting a model of isolation among populations that is necessary in order for the (δµ) 2 genetic distance to be used (Goldstein et al. 1998) .
Second, mutation rates calculated using moderate-sized sets of polymorphic microsatellite markers are within a factor of about 5 for Channel Island foxes and humans (Weber & Wong 1993; Goldstein et al. 1998) (Table 2) . As all canids are closely related (Wayne et al. 1997) , the difference in mutation rates between Channel Island foxes and red wolves is probably considerably less. If, for the sake of comparison, we calculate the upper limit on the date of hybridization based on the mutation rate from humans, we find that it is considerably more recent than the one calculated from the Channel Island fox mutation rate. Using a human mutation rate that has been estimated fairly accurately and directly at 5.6 × 10 Ð4 per generation (Weber & Wong 1993) , and a generation time in red wolves that is at most 3 years (Carbyn 1987) , the red wolf mutation rate becomes 1.9 × 10 Ð4 per year, and the upper limit on the date of hybridization becomes 2500 years (Table 2 ).
Discussion
Our estimates of the mutation rate put a conservative upper limit of 12 800 years on the date when most of the hybridizations could have occurred. This is based on several assumptions and estimates; in particular, related to estimating the probability that a new mutation will generate a specific allele missing in the red wolf population. To obtain a sense of how robust the results would be if these probabilities were calculated differently, or if we used an alternative mutation model, we performed the same calculations using a variety of different parameter combinations. We found that however we performed the calculations, we never obtained a date of hybridization that was older than 15 300 years (Table 2) . It is worth emphasizing that all of our calculations are dependent on estimates of the mutation rate and also subject to error in the extrapolation of tµ from k. Another aspect of our analysis is the determination of n ö, the Ôeffective number of lineagesÕ in the average genealogical tree at a red wolf locus. If we know n ö, which gives the total number of independent opportunities for new mutations since the time of hybridization, we have a direct way of estimating the amount of time that has passed since the hybridization. In order to set a lower boundary on n ö, we estimate the number of separate lines of ancestry tracing back from the red wolves to their parental populations. However, the true opportunity for new mutations is not just provided by the ancestral lineages, but also by the lineages that bifurcate from the ancestral ones on their way to producing the modern red wolf sample size. Depending on whether most of the bifurcations in the gene genealogies occur quite recently or whether they occur close to the time of hybridization, the inclusion of these extra branches produces an unbiased estimate for n ö that is 1Ð5 times larger than the n ö predicted by the method that we use. We conclude that the upper limit on the date of hybridization that is calculated by our own method (12 800 years) is very conservative.
There are two demographic scenarios that could complicate the interpretation of these results. First, hybridizations between coyotes and grey wolves may have occurred many times in the past. We must therefore limit our conclusions to a careful statement that a large majority of (but not necessarily all) red wolf lineages are sufficiently young to have accumulated no mutations since hybridization and to have originated less than 12 800 years ago. A second scenario is the possibility of substantial gene flow from the hybrids back to the coyote and grey wolf populations. If this occurred, it is possible that some of the alleles private to the red wolves would have ceased to be private as soon as they were copied back into the parental groups, thereby biasing our results toward more recent dates of hybridization. While this scenario cannot be ruled out, it seems unlikely that backward gene flow could have occurred on a sufficiently dramatic scale to eliminate all private red wolf alleles that arose via new mutation.
We conclude that most genes present among modern red wolves did not originate through hybridization in the Pleistocene, but instead have a more recent origin. Thus, we can rule out an ancient hybrid origin for most if not all of the red wolf gene pool, regardless of whether the hybridization occurred suddenly or over a continuous period of time. Not only do our calculations put a conservative upper limit on the dates of hybridization (12 800 years), but half the area under the likelihood curve is between 0 and 2500 years. In rejecting an old date of hybridization, our study lends support to the hypothesis of a recent hybridization between coyotes and grey wolves that may have been associated with the extensive agricultural cultivation of the southern United States by European settlers beginning around 250 years ago. This inference, if true, has relevance to the debate about whether red wolves should be given special protection under the U.S. Endangered Species Act (OÕBrien & Mayr 1991; Dowling et al. 1992; Wayne 1992) .
